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Introduction
The combination of noble metal nanoparticles (NPs) with dielectric matrices has been the subject of research interest due to the several surface plasmon resonance (SPR)-based technological applications. SPR is the collective electron oscillation induced by the interaction of the electromagnetic radiation with a metal surface [1] . The resonance behavior (absorption maximum, full width at half maximum, and frequency) is strongly dependent on the nanoparticle characteristics (permittivity, shape, size, size distribution, and interparticle distance) and on the permittivity of the surrounding matrix [2] [3] [4] [5] . In detail, the particle size affects the SPR mode due to confinement effects, as a result of the reduction of the mean free path of electrons, therefore, leading to an increase of the damping constant in the Drude model and, thus, of the SPR width [6] [7] [8] . In addition, the particle shape affects the width of the surface plasmon resonance [9] because of the scattering processes involved during optical excitation. The size distribution and interparticle distance are strongly related to the local field fluctuation and short-range near-field coupling, respectively [10, 11] . As a result of the dipole-dipole interaction between the nanoparticles, the distance between the neighboring nanoparticles plays a significant role on the surface plasmon band, which broadens and shifts to higher wavelengths as the interparticle distance decreases. Often, the interparticle interaction depends on the polarizability of the metal, particle size and number density, and metal surface area coverage of the NPs [12] [13] [14] . Therefore, it is considered very challenging to control the interparticle interaction independently from the particle size and metal surface area coverage.
In the last three decades, several techniques have been established to produce nano-composites, e.g., co-sputtering of the metal and the dielectric target from two different sources [15] or from a multi-component target consisting of the metal and the dielectric in a specific type of geometry [16, 17] , alternated pulsed laser deposition [18] , coevaporation [19] , hybrid processes combining sputtering, or evaporation of metals with simultaneous chemical vapor phase deposition of the dielectric layer [20] . However, due to the directionality of the physical vapor deposition techniques, preparation of nano-composites consisting of metallic NPs in a dielectric matrix with a controlled uniformity in shape, size, and density of NPs are still a challenge. Nevertheless, the tunability and control of the resonance condition by the change in microstructure is necessary and required in several technological applications, such as color filters [21] , optical switching and optical limiting devices [22] , optical biosensors [23] , optical data storage [24] , absorption elements of solar cells [25] , photonic bandgap tuning [26] , Bragg reflectors [27] , and surface-enhanced Raman spectroscopy [28] .
In previous works where homogeneous metal/dielectric composites have been synthesized by co-sputtering [29] and co-evaporation [19] , the surface plasmon resonance resulted strongly related to the local metal volume fraction, also exhibiting a strong correlation with size, shape, and number density of NPs. Therefore, controlling the color intensity without a shift in position of the resonance peak is considered challenging when working with nanocomposites. In this paper, the synthesis of metal/dielectric red-colored multi-layers for decorative applications is proposed and described, with the aim of independently controlling the size and the total number density of the metal NPs to enhance the color intensity.
Experimental
The feasibility of a PECVD (i.e., remote expanding thermal plasma, ETP) step followed by the ETP-assisted rfmagnetron sputtering technique for the deposition of Au nanoparticles on SiO 2 layers with a controlled shape, size, and size distribution of the particles is demonstrated in our previous work [30] . Here, the same approach, shown in Fig. 1 , is used to produce the metal/dielectric multi-layers. An Ar plasma (Φ Ar =70 sccs) is generated in a cascaded arc operating at a current of 70 A and pressure of 4.1×10 4 Pa. Due to the large difference in pressure between the cascaded arc housing and the deposition chamber (30 Pa), the Ar plasma expands supersonically through the nozzle in the deposition chamber. For the deposition of SiO 2 -like layers, O 2 (Φ O2 =5 sccs) and hexamethyldisiloxane [(CH 3 ) 3 SiOSi (CH 3 ) 3 (HMDSO)] vapor (Φ HMDSO =0.46 sccs) are injected into the chamber through the nozzle and a ring placed 5 cm below the nozzle, respectively. The film chemistry as well as the density and the optical properties of the SiO 2 -like layers are controlled by the precursors flow rate ratio (Φ O2 / Φ HMDSO ), the arc plasma parameters (Ar flow rate and arc current), and the substrate temperature during deposition [31] [32] [33] . The substrate is placed at a distance of 60 cm from the nozzle. The metal NPs were deposited using an ETPassisted rf-powered magnetron head with a 2-in. gold target (Kurt J. Lesker Company, 99.99% purity) at a distance of 15 cm from the substrate and an angle of 75°from the substrate normal. The sputtering of the Au target was controlled by means of the RF-power, Ar flow rate, and arc current.
The films deposited on SiO 2 -coated copper grids were characterized by transmission electron microscope (TEM; Philips CM 30 operating at 300 keV) to determine the analyses were used to determine the surface density (mass thickness) of the Au layer on SiO 2 /cSi substrate. Perkin-Elmer photospectrometer type Lambda 900 is used to determine the extinction spectra of the film deposited on SiO 2 /glass substrate. Figure 2a , b shows a particle size of 7±3 nm and 10±5 nm, respectively, suggesting the growth of larger NPs due to coalescence phenomena with longer deposition times. On the other hand, the lower substrate temperature during deposition is found to lead to a higher density of NP layers with smaller particle size (5±2 nm; see Fig. 2c ). This is presumably related to the decrease in SiO 2 layer density as the substrate temperature decreases, as described in [31] . In this study, the refractive index of the SiO 2 layer deposited at lower substrate temperature (<200°C) is lower than the Fig. 2 Cross-sectional TEM images of Au/SiO 2 multi-layers deposited on a glass substrate (A) and size distribution (B) at constant plasma parameters and with the following deposition times for Au and substrate temperature, respectively: a 300 s, 300°C; b 400 s, 300°C, and c 300 s, 100°C refractive index of the fused silica due to an increase of the porosity of the film matrix. Therefore, the surface porosity and, possibly, the presence of polar groups such as SiOH functionalities combined with higher surface roughness developed at low substrate temperatures, allow the NPs to grow on preferred sites, enhancing the density of NPs on the SiO 2 layer. The dependence of other parameters, such as the metal surface area coverage, number density, and the size of the NPs, from the deposition rate, deposition time, substrate temperature, and the chemistry and morphology of the dielectric layer, have been extensively discussed in [30] , and detailed studies of the nucleation and growth of NPs on a dielectric layer [34] have been reported.
Results and Discussion
The multi-layer structure allows increasing the total number of Au NPs in the multi-layer structure by increasing the number of layers without undergoing a shape and size change due to particle aggregation. To verify the independent control of size and the total number of NPs, topographical images of the Au/SiO 2 /substrate and Au/ SiO 2 /Au/SiO 2 /substrate systems under condition (a) of Fig. 2 are shown in Fig. 3 . It is observed that the total number density of the NPs increases with the number of layers at a similar size and size distribution, assuming the concentration of the particles in one layer is small enough and the probability of NPs to overlap with each other is negligible for the first two layers.
Moreover, RBS analyses have been carried out with two RBS detectors, one at scattering angle of 170°to determine the total Au content and one at 110°for better depth resolution in order to estimate the Au content of the individual layers. As a result, a linear relationship between the surface density of Au atoms and the number of layers is observed as shown in Fig. 4 , which points out the linear increase in the number density of NPs with the number of layers. A similar analysis allows determining the thickness of the individual SiO 2 layer to be 40 nm, based on the density of the SiO 2 (6.6⋅10 22 at/cm 3 ). The thickness is confirmed also by TEM and spectroscopic ellipsometry. Based on the method described in [35] , assuming that the NPs within a single layer are spherical and monodispersed, the interparticle distance in a layer can be calculated from the surface density (RBS) and average size of NPs (TEM) and obtained as 2.5 nm for the microstructure shown in Fig. 2a . The topographic TEM images show that, in reality, the distribution is not fully homogeneous. A direct measurement of the interparticle distance from these images was performed by measuring the interdistance of 40 particles with their five closest neighbors. This yields 5±3 and 9±4 nm for samples deposited in condition Fig. 2 (a) and (b), respectively.
In addition, infra-red transmission spectra, as shown in Fig. 5 , exhibit only the several characteristic peaks associated with the SiO 2 matrix: the asymmetric (≈1,070 cm
) and symmetric stretching modes (≈800 cm ) of the oxygen atom with respect to the silicon atoms it is bridged to; their intensity increases with the number of layers. This indicates the absence of continuity among the NPs. The transmittance larger than 1 is attributed to the anti-reflection properties of the SiO 2 layer.
Recently, multi-layer structures consisting of Ag nanoparticles sandwiched between Si 3 N 4 dielectric layers deposited by double ion beam sputtering has been reported [36] . In our work, besides presenting a novel deposition technique for this specific application, proposes an approach to develop deep-colored coatings by suppressing a shift in position of the resonance peak. The thickness of the dielectric layer is optimized in order to avoid plasmon coupling between the metal NP layers in the multi-layer structure. Figure 6 shows the plasmonic behavior of the Au/SiO 2 multi-layers as function of the number of Au/ SiO 2 layers measured by means of UV-vis spectroscopy (model Lambda 900 from Perkin-Elmer). The plasmon behavior exhibits a maximum in extinction which increases with the number of layers, caused by the increase in the total number density of the particles. A change in the band width and resonance frequency is not observed as the size and size distribution of the Au NPs in each layer is controlled and kept constant. This approach allows producing a colored coating and intensifying the color with an increase in the number of particles. On the other hand, Fig. 7 shows a red shift of the plasmon resonance by increasing the metal surface area coverage on each layer and reducing the SiO 2 interlayer thickness. This is due to a deviation from the Mie plasmon resonance as a result of interparticle interaction and coupling in the SPR [37] [38] [39] . Taking into account that the SiO 2 interlayer is thick enough to avoid the SPR coupling between the Au layers, multi-layers are a valid solution to the production of strong colored coatings in which the color of the coating is virtually independent from the thickness of the film. Since the number density of the particles in each layer is small enough, interference effects are not observed in these layers and, therefore, the color of the film becomes independent of the viewing angle. Figure 8 shows the color appearance on a glass substrate for six layers of Au NPs separated by a SiO 2 -like layer (40 nm thick) at two different surface area coverage values in each layer.
Conclusion
We have demonstrated the feasibility of the hybrid sputtering-ETP-CVD technique to deposit metallic NPs on dielectric surfaces. Multi-layers have been introduced as a solution for independent control of size and density of nanoparticles. The thickness of the dielectric layer sandwiched between two metal nanoparticle layers is an important parameter to optimize the plasmon resonance coupling; a 35 nm SiO 2 layer is found as an optimal thickness to avoid interaction between the Au NPs within two neighboring layers. In this regime, an increase in the number density of the nanoparticles at a constant size, and Fig. 8 Color appearance of the Au/SiO 2 multi-layers deposited on glass substrates under the experimental conditions reported in Fig. 7 size distribution allows suppressing a change of the plasmon frequency, while an enhancement in the maximum extinction is observed, which helps to produce an intense colored coating on arbitrary substrates.
